Fatigue crack growth tests were carried out in high-pressure gaseous hydrogen at 90 MPa at room temperature for SUS316-based stainless steels containing different amounts of Ni and Cr, and the effects of these alloying elements on fatigue crack propagation were investigated. The fatigue crack growth rate of the SUS316-based steels with a Ni content lower than 12 mass% was accelerated in hydrogen gas with decreasing Ni content. The Cr content had little effect on the fatigue crack growth rate in hydrogen gas. The combined effect of the Ni and Cr contents on the fatigue crack growth rate was closely related to mainly in the γ phase, and the α′ deformation induced martensite phase sometimes became the crack propagation path in tested steels with low γ phase stability. Faceted fracture surfaces consisting of the {111}γ plane and α′ martensite were observed at the fatigue fracture surfaces and considered to be formed as a result of hydrogen gas embrittlement at or near the interphase boundaries between the two phases, where the hydrogen concentration was considered to be high.
Introduction
Various actions to reduce CO 2 emissions, which are believed to be the most influential factor causing global warming, have been taken in industrial fields. For example, the automotive industry, which accounts for a large proportion of CO 2 emissions, has achieved some innovative developments in this regard during the last two decades, such as hybrid vehicles, including the plug-in type, clean diesels, and electric vehicles, among others. These vehicles are already or are about to be in practical use and are expected to contribute to reducing CO 2 and other harmful gas emissions substantially. Another approach being pursued is to establish a clean, hydrogen-based society, in which hydrogen fuel cell vehicles (FCVs) and hydrogen filling stations (HSs) will play leading roles. According to a recent scenario released in March 2010 by the Fuel Cell Commercialization Conference of Japan, 1) an FCV market is expected to be formed by 2015. To accomplish that and to expand the market further after 2015, various issues need to be solved. One of them is to expand the range of materials that can be used for high-pressure hydrogen gas supply, including pipes, vessels, pumps and valves for both FCVs and HSs. All of these parts are exposed to compressed high-pressure hydrogen gas.
Evaluation of the mechanical properties of materials in high-pressure gaseous hydrogen was extensively conducted in the early 1970s in the United States, and a lot of data on high and low cycle fatigue life properties were obtained for various materials. [2] [3] [4] [5] However, a few data on fatigue crack growth properties in high-pressure hydrogen gas were reported. 2, 3) It took almost 30 years until available data on the fatigue crack growth rate of commercial stainless steels in high-pressure hydrogen gas were reported by the authors in the 2000s. [6] [7] [8] [9] The current codes and standards related to FCVs and HSs such as Japan Automobile Research Institute Standard (JARI S) 001 for 35 MPa-class onboard hydrogen fuel tanks 10) and JARI S002 for their installation on vehicles 10) and Kouatsu-gas Hoan Kyoukai (The High Pressure Gas Safety Institute of Japan) Standard (KHKS) 0128 for onboard hydrogen fuel tanks up to nominal pressure of 70 MPa 11) allow only two kinds of materials to be used for these applications. Japan Industrial Standard (JIS) SUS316L stainless steel is one of them and has been confirmed to be very durable against hydrogen. Deterioration of its mechan-ISIJ International, Vol. 52 (2012), No. 2 ical properties in high-pressure hydrogen gas is limited if its chemical composition is correct and no serious segregation of alloying elements occurs. [6] [7] [8] [9] 12, 13) However, it has also been observed that segregation of alloying elements in stainless steels, especially Ni, sometimes causes degradation of tensile and fatigue properties in hydrogen gas. [12] [13] [14] The authors previously investigated the effect of Ni and Cr contents on tensile properties in gaseous hydrogen at 45 MPa pressure at room temperature and -40°C using specially prepared SUS316-based stainless steels having 9.8 to 11.7 mass% Ni and 16.1 to 18.1 mass% Cr, with Mo and other impurity contents kept to the same levels as those in conventional SUS316L. 12) That investigation showed that steels with a Ni content lower than around 11 mass% exhibited hydrogen gas embrittlement (HGE 15, 16) also investigated hydrogen embrittlement of several hydrogen-charged commercial austenitic stainless steels and reported that hydrogen embrittlement strongly depended on the Ni equivalent (Ni eq), 17) which is a function of the chemical composition: 18) also used the Ni equivalent as a parameter for HGE of SUS316-based stainless steels containing 9.9 to 19.9 mass% Ni at temperatures from 80 to 300 K (-193 to 27°C) in 1 MPa hydrogen gas and showed a clear correlation with HGE. Furthermore, Michler et al. 19) evaluated HGE of several stainless steels, including type 316, with slightly different chemical compositions at temperatures from -80 to 20°C in 10 to 400 bar (around 1 to 40 MPa) hydrogen gas, and reported that HGE was strongly affected by the chemical composition.
As described above, the chemical composition considerably influences hydrogen embrittlement of stainless steels in the chemical composition range of SUS316, making it important to examine the effects of the contents of major alloying elements on fatigue crack growth properties in high-pressure hydrogen gas.
In the present study, the range of the investigation was widened to include fatigue properties at a higher pressure of 90 MPa, somewhat exceeding the maximum approved pressure level for 70 MPa-class onboard hydrogen fuel vessels so as to take a 25% fluctuation of the nominal pressure into account. Specially designed facilities for mechanical testing in high-pressure hydrogen gas at up to 99 MPa 20, 21) were used for characterization of fatigue properties.
Experimental Procedures

Materials Used
Five kinds of SUS316-based stainless steels listed in Table 1 were used. Their Ni content was from 9.8 to 11.7 mass%, which was less than the lower limit of the JISspecified Ni content range for SUS316L and in the range for SUS316; their Cr content was from 16.1 to 18.1 mass%, which corresponded to the minimum and the maximum values for SUS316L. The positions of the Ni and Cr contents of the tested steels in the JIS content range for SUS316 and SUS316L are shown in Fig. 1 . The Mo content was around 2.1 mass% in all the steels used, and the contents of the other elements, including impurities, were also all the same and in the range of SUS316L.
Ingots weighing 30 kg and having the compositions shown in Table 1 were prepared by vacuum induction remelting, hot forged and hot rolled into plates of 15 mm in thickness. The plates were solution treated at 1 120°C for 5 min followed by water quenching. In the following sections, "mass%" is expressed simply as "%" for convenience.
Fatigue Crack Growth Tests
As shown in Fig. 2 , compact tension (CT) specimens of 12.5 mm in thickness (B) and 50.0 mm in width (W) in accordance with American Society for Testing and Materials Standard E647 (ASTM-E647) were used in conducting fatigue crack growth tests. Test specimens were taken from the center of the plate thickness. The crack growth direction was vertical to the rolling direction (parallel to the transverse direction). Fatigue crack growth tests were carried out at room temperature in high-pressure gaseous hydrogen at 90 MPa in accordance with ASTM-E647, using P-constant procedure. The test frequency was 1 Hz and the stress ratio R was 0.1. As mentioned earlier, tests were carried out using specially designed facilities to characterize mechanical properties in high-pressure gaseous hydrogen at pressures up to 99 MPa. After the tests, fracture surfaces and nearby cross sections were observed by Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS) and Electron Backscatter Diffraction (EBSD).
Experimental Results and Discussion
Fatigue Crack Growth Rate
The fatigue crack growth rate of every specimen tested in air is shown in Fig. 3 , where the fatigue crack growth rate of commercial SUS316L in air 8) is also plotted for comparison, with Ni, Cr and Mo contents of 12.1, 17.7 and 2.1%, respectively. As shown in the graphs, every steel exhibited almost the same da/dN curve, including SUS316L in air, indicating that there was no conspicuous composition dependency of the fatigue crack growth rate in air in the absence of hydrogen.
Test results in 90 MPa hydrogen gas are shown in Figs. 4 and 5, in which the fatigue crack growth rate for one group of three steels containing 17.1% Cr and 9.8 to 11.7% Ni (steel Nos. 1, 2 and 3 in Table 1 ) and another group of three steels containing around 10.7% Ni and 16.1 to 18.1% Cr (steel Nos. 4, 2 and 5 in Table 1 ), are presented, respectively. In both figures, the fatigue crack growth rate for commercial SUS316L in air 8) is also plotted as a representative value of the fatigue crack growth rate in air. In addition, the fatigue crack growth rate of SUS304L in 90 MPa hydrogen gas 22) Fig. 2. Dimensions and configuration of CT specimen with B = 12.5 and W = 50.0 mm used for fatigue crack growth test.
Fig. 3.
Fatigue crack growth rate of all SUS316-based stainless steels tested in air at room temperature. The data for SUS316L in air 8) are also shown. (a) SUS316-based steels containing 17.1% Cr and 9.8 to 11.7 mass% Ni (steel Nos. 1, 2 and 3 in Table 1 ) and (b) SUS316-based stainless steels containing 10.7% Ni and 16.1 to 18.2 mass% Cr (steel Nos. 4, 2 and 5 in Table 1 ).
Fig. 4.
Fatigue crack growth rate of three SUS316-based steels containing 17.1% Cr and 9.8 to 11.7 mass% Ni (steel Nos. 1, 2 and 3 in Table 1 ) in 90 MPa hydrogen gas at room temperature. The data for SUS316L in air 8) and SUS304L in 90 MPa hydrogen gas 22) are also shown. Fig. 4 , the fatigue crack growth rate of steel No. 3 containing 11.7% Ni in 90 MPa hydrogen gas was very close to that in air, indicating that the effect of highpressure hydrogen gas on the fatigue crack growth rate of this steel specimen was limited. The relatively high Ni content of steel No. 3 was close to the 12% lower limit prescribed by the relevant JIS for the Ni content of SUS316L. The fatigue crack growth rate for steel Nos. 2 and 3 with lower Ni contents than that of steel No. 1 was accelerated with decreasing Ni content. The fatigue crack growth rate of steel No. 1 (9.8% Ni) was 3 to 4 times higher than that of steel No. 3 (11.7% Ni). The tendency for the fatigue crack growth rate to accelerate in Ni-lean steels agrees with that reported for the degradation of elongation and reduction of area in 45 MPa hydrogen gas. 12) It should be noted, however, that the fatigue crack growth rate in steel No. 1 with 9.8% Ni, which is around 1 mass% lower than the lower limit of the JIS-specified Ni content range for SUS316L, was much lower than that of SUS304L, indicating that the SUS316L-based stainless steels showed basically higher resistance against hydrogen even though Ni-lean portions were present in the material due to segregation.
The three steels containing 10.7% Ni showed similar fatigue crack growth rates in 90 MPa hydrogen gas as seen in Fig. 5 , although clear acceleration in steel No. 4 (16.1% Cr) and No. 2 (17.1% Cr) and slight acceleration in steel No. 5 (18.1% Cr) were observed. These results imply that the Cr content has an effect on the fatigue crack growth rate inhigh pressure hydrogen gas, although it is considerably smaller than that of the Ni content.
It is known that the fatigue crack growth rate can be expressed by the Paris law 23) for fatigue crack growth, which is an approximation of what is called the second region in the relationship between the fatigue crack growth rate (da/dN) and the stress intensity factor range (ΔK), and is expressed as follows: where C and m are constants. According to an International Institute of Welding guideline 24) for the fatigue design of welded steel structures, the value of m for steels is 3. In this study, C was calculated using the obtained data shown in Figs. 4 and 5 under a condition of m = 3 in the ΔK range between 20 to 30 MPa·m 1/2 , and used as an index of the fatigue crack growth properties of the steels investigated, including commercial SUS304L and SUS316L in 90 MPa hydrogen gas at room temperature.
In Fig. 6 , the values of C are plotted as a function of Md30, 25) which is an index related to γ phase stability against martensite transformation and is believed to be related to HGE. In the steels having high γ phase stability with Md30 lower than -95°C, the effect of hydrogen was not observed, and in the steels with Md30 higher than -95°C, the values of C increased with increasing Md30, i.e., the fatigue crack growth rate increased with Md30. In the region of Md30 > -95°C, the relationship between C and Md30 can be expressed as C = 8·10 
. (2)
A line corresponding to Eq. (2) is also drawn in Fig. 6 . By combining Eqs. (1) and (2), the fatigue crack growth rate of the steels having various Md30 in 90 MPa hydrogen gas at room temperature can be estimated, although the application range is limited to the SUS316-based and the SUS304-based stainless steels.
In Fig. 7 Table 1 ) in 90 MPa hydrogen gas at room temperature. The data for SUS316L in air 8) and SUS304L in 90 MPa hydrogen gas 22) are also shown. growth properties, although the hydrogen gas pressure is higher. Based on the values of C, degradation of the fatigue crack growth rate in a 90 MPa hydrogen gas environment is depicted in Fig. 8 as a 
Fracture Surfaces
SEM images of fracture surfaces are shown in Fig. 9 for steel No. 1 (17.1% Cr-9.8% Ni) and No. 3 (17.1% Cr-11.7% Ni), which exhibited the highest and lowest fatigue crack growth rate, respectively. The observation was conducted for the area corresponding to around 25 MPa·m 1/2 of ΔK. Almost the entire fracture surface of both steels was typical of fatigue fracture. However, some faceted areas were also observed in both steels. More faceted areas were observed in steel No. 1 than in steel No. 3 with a higher Ni content. EDS analyses revealed that the faceted areas contained the same levels of Ni, Cr and Mo as in the other areas, indicating that the faceted areas were not the δ ferrite phase, which is sometimes contained in austenitic stainless steels in small amounts. Figure 10 shows phase images obtained by EBSD analyses for cross sections near the fracture surfaces of steel Nos. 1 and 3; the former showed the highest fatigue crack growth rate among the steels used and the latter showed no effect of hydrogen on the fatigue crack growth rate. The observation was again conducted for the area corresponding to around 25 MPa·m 1/2 of ΔK. As shown in Figs. 10(a) and 10(b), a small amount of the bcc phase (α′ martensite) was observed along the fracture surface and adjacent areas of sub-cracks in steel No. 1.
However, it should be noted that the formation of α′ martensite was limited, and most of the area on the fracture surface was the parent γ phase. This suggests that the fatigue cracks propagated mainly in the γ phase. It is not likely that cracks always propagate in the hydrogen-embrittled α′ martensite phase formed near the crack tip prior to crack propagation. No clear α′ martensite phase was observed in steel No. 3 with a higher Ni content as shown in Fig. 10(c) . Figure 11 shows the results of EBSD analyses for faceted areas in the fracture surfaces of steel No. 1. Figure 11(a) presents the results for a faceted area that was roughly parallel to the bottom surface of the specimen used for the observation. The α′ martensite phase was not clearly seen in the faceted surface. However, the γ phase having the fcc structure was clearly observed and it was close to the {111} γ plane. Figure 11(b) shows the results for a faceted surface that was inclined at around 35° to the bottom surface of the specimen. Most of the faceted area was the γ phase, and by taking into account the inclined angle of 35°, it was close to the {111} γ plane. These observation results are consistent with those shown in Fig. 11(a) . In this case, the α′ martensite phase having the bcc structure was also observed, which indicates that the faceted surface was composed of the Similar faceted fracture surfaces were reported by Caskey, 26) who suggested that annealing twin boundaries are the preferential sites for martensite, which also leads to preferential crack growth along the γ/α′ boundaries. Fukuyama et al. 27) observed faceted fracture surfaces consisting of {111}γ in tensile test specimens of SUS304 tested in hydrogen gas and also indicated that the faceted surface was twin boundaries. They found similar faceted fracture surfaces called a "plate-like pattern" in fatigue test specimens of type 304 stainless steel tested in 4.0 MPa hydrogen gas at room temperature. 28) Ulmer et al. 29) also obtained similar results for hydrogen-charged 304 and 310S type stainless steels. The authors have also observed faceted fracture surfaces in fatigue crack growth test specimens of SUS304L tested at room temperature in 45 MPa hydrogen gas. 30) It is natural to think that the formation mechanism of such faceted fracture surfaces, basically composed of {111}γ and α′ martensite, is the same in both the SUS304L-based steels evaluated in our previous study 30) and the SUS316-based stainless steels evaluated in this study. Although clear evidence of α′ martensite was not confirmed by EBSD in steel No. 3 as shown in Fig. 12 , it is likely that some areas with a slightly lower Ni content as a result of segregation may have undergone martensite transformation accompanying fatigue crack propagation. Annealing twin boundaries, which Caskey 26) suggested as the preferential sites for martensite transformation, did not seem to form the martensite phase in this study as shown in Fig. 10(b) .
Based on our previous report, 30) the formation mechanism of faceted fracture surfaces composed of {111}γ and α′ martensite is considered as follows:
Once α′ martensite forms near the crack tip, hydrogen atoms are absorbed in the matrix from the outside hydrogen gas environment and move rapidly toward the adjacent γ phase, because hydrogen solubility in the γ phase is much higher than in the α′ martensite phase. On the other hand, hydrogen diffusivity is much higher in α′ martensite than in the γ phase. As a result, the hydrogen concentration may increase along the α′/γ phase boundaries. This situation is shown schematically in Fig. 13 . 30) If cracks propagate in this high hydrogen content area, fracture surfaces composed of both the α′ and γ phases are generated. The reason why {111}γ becomes the fracture surface is not clear. However, ε martensite with a planer configuration was observed in SUS304L, 30) and it is likely that the hydrogen-embrittled ε martensite phase reverted to the γ phase after the crack propagated. This situation is shown schematically in Fig. 14 , 30) where the fracture along (0001)ε may leave the {111}γ fracture surface.
Conclusions
Fatigue crack growth tests in high-pressure gaseous hydrogen at 90 MPa were carried out for SUS316-based stainless steels containing 16.1-18.1% Cr and 9.8-11.8% Ni, and the effects of the major alloying elements, Ni and Cr, on fatigue crack propagation were investigated. The major results obtained are as follows:
(1) The fatigue crack growth rate of SUS316-based steels with a Ni content lower than 12 mass% was accelerated in 90 MPa hydrogen gas at room temperature with decreasing Ni content, although it was much less than that of SUS304L.
(2) The Cr content also affects the fatigue crack growth rate in hydrogen gas, although its effect is considerably less than that of the Ni content. (5) Fatigue cracks propagate mainly in the γ phase, and the α′ deformation induced martensite phase sometimes becomes the crack propagation path in steels with low γ phase stability. Faceted fracture surfaces formed in every steel tested, and the density of the faceted surface was higher in the steels with low γ phase stability.
(6) The faceted fracture surfaces were composed of the {111}γ plane and α′ martensite and considered to be formed as a result of hydrogen gas embrittlement at or near the interphase boundaries between the two phases, where the hydrogen concentration was considered to be high.
